Three-dimensional (3D) type I collagen gels are increasingly utilized to simulate extracellular matrix (eCM) in vivo, but little is known about the effects of age on this model. Collagen was extracted from young (4-6 months) and aged (20-24 months) mice tails and compared. The collagens appeared similar by electrophoresis. however, relative to young, aged collagen formed fibrils slower and generated 3D gels with smaller diameter, less dense fibrils (75 vs 34 nm diameter and 8 vs 3.5% area, for young and aged respectively, p < 0.02). Correspondingly, aged collagen gels were more malleable and contractible (5% vs 19% compression, p < .02, and 73% vs 15.5% area, p < .01, for young and aged, respectively). Fibroblasts cultured within young and aged collagen gels had differential expression of a limited number of genes and proteins corresponding to specific integrins and matrix components. In summary, collagen extracted from young and aged mice is an effective means to examine the influence of aging on functional properties of eCM that are relevant in vivo.
T
here is a great deal of interest in the effect of age on the tissue microenvironment. Most studies have focused either on the physiology and gene expression of aging cells or on tissue-associated cytokines and growth factors that regulate cell behavior (1) (2) (3) (4) . Considerably less attention has been paid to the possible effects of age on the properties of structural extracellular matrix (eCM) proteins (such as type I collagen) that surround the cells. Studies that have examined type I collagen in aging have described its expression and content in various tissues and organs; however, little is known about whether the collagen within aged tissues might exhibit, itself, an altered capacity to assemble and respond to cellular activity.
Type I collagen (hereafter referred to as "collagen") is a rod-shaped heterotrimer composed of two alpha-1 chains and one alpha-2 chain. Collagen is the major structural eCM component in most tissues, as a consequence of its capacity to assemble (polymerize) side by side and end to end to form strong fibers (5) . There is general agreement that aging is associated with a progressive decrease in collagen content in most organs (6) (7) (8) , leading to diminished tissue integrity and strength, especially under stress. however, there are important exceptions to this premise, such as the increased collagen deposition that is often noted in aged hearts as a result of age-related and diseaseassociated (ie, hypertension) factors (9) . Studies examining mechanisms of decreased collagen expression in aged tissues have noted that lower levels of fibrogenic growth factors, such as transforming growth factor-beta 1 (TGF-beta 1) (10), contribute to reductions in both collagen synthesis and subsequent scarring, particularly in the dermis, an organ that is composed largely of collagen I. In addition, impaired mechanical stimulation due to defective cell-matrix contacts might also lessen collagen production by aged cells (11) . At the same time, elevated matrix metalloproteinase (MMP) activity mediates heightened degradation of collagen (12, 13) . It is debated whether age-related collagen breakdown results from an increase in MMP activity, decreases in MMP inhibition by tissue inhibitors of MMPs (TIMPs), or changes in associated proteins that modulate collagen stability (14, 15) . Moreover, the relative contribution of age and environmental insults, such as actinic damage, varies with the tissue and the host (14, 15) . Irrespective of the mechanisms, the end result is a looser less organized collagen network. Functional consequences associated with age-related reductions and/or physical alterations in collagen include deficits in integrin binding that contribute to slowed cell adhesion and migration (15, 16) .
Collagen extracts Derived From Young and Aged Mice Demonstrate Different Structural Properties and Cellular effects in Three-Dimensional Gels
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There is increasing interest in studying cell behaviors in environments that surround the cells with an eCM similar to that found in vivo. The eCM of most supporting tissues is composed primarily of collagen. In this context, the most popular model involves cell culture within three-dimensional (3D), native fibrillar collagen hydrogels ("gels"), which are considered to be effective simulators of collagenrich interstitial connective tissue. Indeed, in PubMed, there are currently more than 700 references that have "3D collagen" in their title or abstract. Three-dimensional collagen gel culture models have been applied to studies of aging but have focused on cells rather than the collagen, that is, comparing the behaviors of young cells with aged cells, with the collagen gel being invariant (17) (18) (19) .
Studies that have examined aged eCM have utilized middle-aged rats (8-16 months) to document differences between young and aging tissues (20, 21) . Notably, the aged mouse (>20 months of age) provides a reproducible model of aging that can be analyzed in the context of genetic modifications (22) and is highly relevant to tissue repair and tumorigenesis (16, (23) (24) (25) . For the earlier reasons, in the present study, we extracted collagen from young and aged mice to specifically examine age effects on 3D collagen gels. With this model, we found significant differences with respect to fibril assembly and malleability to both external and cellular forces and to gene and protein expression by resident fibroblasts.
Experimental Procedures animals
Young adult (4-6 months) and aged (20-24 months) C57Bl/6 male mice were obtained from the National Institute on Aging (NIA) rodent Colony at harlan Sprague Dawley (Chicago, IL) and maintained under specific pathogen-free conditions at the harborview Medical Center research and Training Vivarium at the University of Washington. The University of Washington Animal Welfare Committee approved all animal procedures.
Preparation of collagen extracts
Preliminary experiments were performed on tail tendons derived from three to five young and three to five aged euthanized mice. Final experiments (shown here) were performed on isolated tail tendons from 10 young and 10 aged euthanized mice that were processed in an identical fashion. Care was taken to have equivalent amounts of tendons from each mouse that were then pooled into young and aged groups, soaked briefly in phosphate-buffered saline, rinsed 5 minutes each in acetone and 70% isopropanol, macerated, and stirred overnight in 0.05 N acetic acid at 4°C to extract the collagen. Subsequently, the "young" and "aged" collagen extracts were centrifuged for 15 minutes at 4,000g to remove undissolved material. Total protein content was quantified by the BCA Protein Assay Kit (Thermo Scientific, rockford, IL). Collagen content of the extracts was quantified by the collagen-specific Sircol Assay (Accurate Chemical and Scientific Corp., Westbury, NY). All biochemical studies were performed on young and aged samples that represented equivalent collagen concentration and then repeated using equivalent total protein content.
Gel electrophoresis and immunoblotting
Similar amounts of total protein from young and aged collagen extracts were denatured and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGe) using a 5% acrylamide separating gel and a 5% acrylamide resolving gel. After electrophoresis, the gels were stained with Imperial protein stain, a Coomassie r-250 dye-based reagent (Pierce, rockford, IL). Another set of blots with nondenatured samples were transferred to nitrocellulose. All blots were blocked in Tris-buffered saline (TBS) with 5% nonfat dried milk/0.1% Tween-20 and then exposed overnight at 4°C to rabbit polyclonal antibodies to human collagen type III and collagen type I (rockland, Gilbertsville, PA), each diluted at 1:5,000 in TBS. Bound antibodies were visualized with a horseradish peroxidase-conjugated antibody to rabbit IgG (Chemicon International, Temecula, CA) in conjunction with a chemiluminescence kit (Amersham Biosciences, Piscataway, NJ).
collagen Polymerization assay
Young and aged collagen extracts were diluted to a concentration of 0.6 mg/mL collagen in ice-cold solution of 50 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 1.8 mM CaCl 2 , 0.81 mM MgSO 4 , 100 mM NaCl, and 5 mM KCl, ph 7.0. The cold extracts were added in 250 mL volumes (in triplicate) to wells of a flat-bottomed 96-well assay plate (Corning/Costar Corp., Cambridge, MA). The plate was inserted into a plate reader (OPTImax; Molecular Devices, Sunnyvale, CA) with the reading chamber electrically preheated to 37°C. recordings were done with the absorption set to 410 nm in 30-second intervals for 30 minutes using SoftMax Pro software and repeated in three separate experiments.
Measurements of collagen Fibril Diameter and Density in young and aged collagen Gels
Young and aged collagen extracts were polymerized as described previously for malleability assays. Subsequently, the gels were dehydrated in a graded series of alcohols, then immersed 5 minutes each in 1:1 hexamethyldisilazane (hMDS):100% alcohol, 2:1 hMDS:100% alcohol, and undiluted hMDS, and the samples were embedded in Araldite. Blocks were sectioned with a diamond knife, applied to formvar-coated copper grids, and stained with uranyl acetate aGeD 3D collaGen 211 and lead citrate. Stained sections were viewed by transmission electron microscopy (TeM) with a 1200eXII (JeOL, Peabody, MA) at 80 kV, and images were recorded on film at a magnification of ×15,000. Film images (negatives) from two separate polymerization experiments (representing two young and two aged collagen gels) were digitally scanned, and the density and diameter of collagen fibrils were measured using Adobe Photoshop (26) . Forty images from each gel and 250-400 fibrils from each image were quantified for diameter. Diameters were measured only from en face views of banded fibril segments with lengths exceeding 370 nm. The diameter of each fibril segment was measured at the center and at either ends, and the three values were averaged. To measure fibril density, the digital images were processed with a threshold filter that rendered fibrils and background as sets of white and black pixels, respectively. Density was calculated by taking the number of white pixels over the total number of pixels in randomly selected standardized fields. Fibril diameter and density measurements were expressed as mean ± standard deviation.
assay of Malleability of young and aged collagen Gels
Malleability assays were based on the centrifugation method of Nishiyama and colleagues (27) . Gels were prepared from young and aged collagen extracts by combining 1 volume of extract, 1/9 volume of 10-strength NahCO 3 -saturated Medium 199 (Invitrogen Corp., Grand Island, NY) and sufficient Dulbecco's Modified eagle's Medium (DMeM; Invitrogen), and fetal bovine serum (FBS) to yield a gel with final collagen and FBS concentrations of 0.6 mg/mL and 1%, respectively. The ice-cold mixtures were dispensed in 2 mL volumes into small, straight-walled cylindrical polypropylene centrifuge tubes, incubated for 1 hour at 37°C to polymerize the collagen, and then centrifuged at 375g for 10 minutes in a swinging bucket rotor. The volume of medium lying above the compressed gel was then measured (by weighing the fluid) and subtracted from the gel volume prior to centrifugation to yield the volume of the compressed gel in three separate experiments.
Fibroblast cell culture
Dermal fibroblasts from a young human donor (a 30-year-old male, AG13153) were obtained from the Aging Cell repository, NIA, at the Coriell Institute (Camden, New Jersey). human fibroblasts were used as they are well characterized and maintain a stable phenotype in culture. The cells were maintained in DMeM with 10% FBS, penicillin (50 U/mL; Invitrogen), streptomycin (50 mg/mL; Invitrogen), and amphotericin (2.5 mg/mL; Sigma, St. Louis, MO). Cells from confluent early-passage cultures were trypsinized and resuspended in DMeM with 1% FBS for use in collagen gel contraction assays (described later).
assay of cell-Mediated collagen Gel contraction
Young and aged collagen extracts were combined with culture medium and FBS, as described for malleability assays, and supplemented with human fibroblasts at 1.5 × 10 5 cells. To discount any effect due to total protein content, assays were performed with equivalent concentrations of collagen as determined by the Sircol Assay and then repeated using equivalent total protein as determined by BCA Protein Assay. Four hundred microliters of the collagen/ cell suspension was then dispensed in triplicate into oilsupported gel contraction supports (assay (28)). The gels were polymerized at 37°C, incubated for 18 hours to allow cell-mediated contraction, and then fixed in 10% neutral buffered formalin. Diameters of the fixed gels from two separate experiments were measured from digital images using Adobe Photoshop.
Reverse Transcription-Polymerase chain Reaction (RT-PcR) arrays
human fibroblasts (1.25 × 10 5 cells) were dispersed in 500 mL of 3D gels made from young and aged collagen (0.6 mg/mL collagen/1%FBS). The gels were cast in six-well plastic tissue culture plates and were not separated from the sides and bottom of the wells, which prevented gel contraction during culture. After 18 hours of culture, messenger rNA (mrNA) was isolated using an rNeasy Plus Mini-Kit (Qiagen, Valencia, CA) and complementary DNA was made using an rT 2 First Strand Kit (SABiosciences, Frederick, MD). reverse transcription-polymerase chain reaction (rTPCr) using the human extracellular Matrix and Adhesion Molecules Array (84 relevant genes, 5 housekeeping genes, and 7 control genes) was performed as per protocol from SABiosciences. Two separate experiments were analyzed on different dates for each array. Fold differences were calculated using polymerase chain reaction (PCr) Array Data Analysis Web Portal (SABiosciences). Genes that were either upregulated or downregulated by more than 40% in both experiments were considered significant based on prior studies describing the effects of age on protein secretion and cellular functions (25, 29) .
Western Blot and Zymographic analyses
Western blotting of collagen digests was performed as noted previously. For Western blot analyses of fibroblasts and their conditioned media, human fibroblasts were cultured in duplicate for 18 hours in young or aged collagen gels. For analyses of integrins, the 18-hour gel/cell cultures were lysed in a solution of 50 mM Tris, ph 6.8/2% sodium dodecyl sulfate/5% glycerol/1% 2-mercaptoethanol/5 mM eDTA, supplemented with a protease inhibitor cocktail (Sigma). For analyses of secreted proteins (MMP-1 and secreted protein acidic and rich in cysteine [SPArC] ), the gel/cell cultures were overlain with serum-free DMeM, which was collected after the 18-hour culture period. The collected cell lysates (integrins) or conditioned culture media (SPArC and MMPs) were resolved by SDS-PAGe under reducing conditions and blotted to nitrocellulose. All blots were blocked in TBS with 5% nonfat dried milk/0.1% Tween-20 and then exposed overnight at 4°C to rabbit polyclonal antibodies to human alpha-2 integrin (Chemicon), human MMP-1 (Chemicon), and human SPArC (a kind gift from Dr. e. helene Sage, University of Washington), each diluted 1:500 in TBS. Bound antibodies were visualized with a horseradish peroxidase-conjugated antibody to rabbit IgG (Chemicon) in conjunction with a chemiluminescence kit (Amersham Biosciences).
For zymography, conditioned serum-free media from the 18-hour cultures were resolved by SDS-PAGe gels that contained 1 mg/mL of gelatin (Sigma). Subsequently, the gels were washed in 2.5% Triton X-100 for 15 minutes, incubated overnight at 37°C in 50 mM Tris, ph 7.5/5 mM CaCl 2 , and stained with Coomassie Brilliant Blue. MMPs with gelatinolytic activity appeared as lucent bands.
Statistics
Data represent collagen from 10 young or 10 aged mice that were pooled in equivalent amounts. each analysis was repeated in two to three separate experiments as noted previously under specific methods. Differences between groups were determined according to a two-tailed Student's t test with unequal variance and were considered significant when p < .05.
Results
electrophoresis and immunoblots of young and aged collagen extracts
Collagen derived from young mice tails averaged an initial concentration of 1.83 mg/mL and that derived from aged mice tails averaged 1.24 mg/mL. equivalent amounts of protein from young and aged collagen extracts resolved by polyacrylamide gel electrophoresis under denaturing conditions exhibited an essentially identical pattern of bands representing a mixture of collagen: monomeric, dimeric, and trimeric polypeptide chains ( Figure 1A and B). All these bands were eliminated by exposure to collagenase (data not shown), indicating that collagen was predominant in the extracts. Moreover, bands representing collagens I and III were similar in both quality and quantity in young and aged collagen extracts. Further evaluation using Western blots demonstrated that there were no detectable laminins, fibronectins, MMP-2, MMP-9, TIMP-1, and TIMP-2 (data not shown) in the extracts from young and aged collagen.
We then wished to examine features of the young and aged collagen that would induce changes in cell behavior. Isolated, native collagen molecules exposed to physiological ionic strength, ph, and temperature spontaneously polymerize into long banded fibrils that resemble collagen fibrils in vivo (26) . We utilized this model to compare collagen extracts (0.6 mg/mL) from young versus aged mice ( Figure 1C ). Both young and aged collagen extracts exhibited typical polymerization curves-after an initial lag, there was a steep sigmoidal rise in optical density (OD) followed by a slow linear rise (plateau). The sigmoidal portion of the curve has been shown to correspond to the assembly of individual collagen molecules into fine fibrils, whereas the linear portion of the curve corresponds to the subsequent aggregation of the fibrils into larger bundles (30) . Notably, the young collagen extracts initiated polymerization earlier than the aged collagen extracts. Moreover, the rate of the young collagen was three times greater than that of the aged collagen. The OD of the plateau portion of the curve reflects the fraction of gel volume occupied by fibrils (fibril density) as well as fibril thickness. The OD at the plateau of the young collagen was more than twice that of the aged collagen, indicating that the young collagen had a substantially greater extent of fibril formation than the aged collagen.
TeM analyses of 3D Gels Made From young and aged collagen
Our data suggested that collagen extracts from young mice formed fibrils more effectively than corresponding extracts from aged mice. To investigate the structural consequences of such a difference, we examined fully polymerized 3D collagen gels by TeM to directly assess fibril diameter and density (Figure 2 ). Gels made from young and aged collagen exhibited fibrils with 64 nm periodicity, typical of collagen gels polymerized in vitro (30) and collagen fibrils in vivo (31) . The fibrils formed by young collagen extracts were substantially thicker than the fibrils formed by aged collagen extracts (Figure 2A and B) . Quantification of the TeM images showed that the young collagen fibrils had an average diameter of approximately 75 nm ( Figure 2C ), a value within the range found in 3D gels made from rat tail tendon collagen (30, 32) . In contrast, the aged collagen fibrils averaged less than half the diameter of the young fibrils (~34 nm). The gels made from young and aged collagen also had substantial differences in fibril density; the fibrils formed from aged collagen formed a network that was 45% as dense as that formed from young collagen ( Figure 2D ). The observations by TeM of smaller fibril diameter and lower fibril density of the aged collagen gels versus the young collagen gels were in correspondence with the observed differences in OD of the plateau regions of the polymerization assays.
Malleability of 3D Gels Made From young and aged collagen
The TeM study of the 3D collagen gels was followed by functional assays of gel malleability, both to externally applied and to cell-derived forces. Initial measures were of the aGeD 3D collaGen 213 compressibility of similar 0.6 mg/mL gels under elevated gravity ( Figure 3A) . Under a load of 375g, gels made from young collagen were slightly compressed (an average of 5.2% reduction in volume), whereas those made from aged collagen were substantially more compressible, averaging an 18.6% reduction in volume.
cell-Mediated Remodeling of 3D Gels Made From young and aged collagen
The physical properties of aged collagen (in the context of fibril formation, fibril diameter, fibril density, and gel malleability) pointed to an impaired capacity of aged collagen to form a 3D matrix, relative to young collagen. The Immunoblot using an antibody against collagen I (panel B) showed no significant differences in quality or quantity of the bands. Subsequent polymerization assay demonstrated that native collagen extracted from young mice (Y-squares) initiates fibril formation earlier and at a greater rate than corresponding collagen extracted from aged mice (A-triangles). The absorbance plateau (P Y ) of young mouse collagen is substantially higher than that of aged mouse collagen (P A ), indicating a more effective assembly of collagen molecules into fibrils (panel C). Figure 2 . Transmission electron microscopy analysis of three-dimensional (3D) gels made from young and aged collagen. There are more young collagen fibrils (panel A, an example is indicated by an arrow) with greater diameters than aged collagen fibrils (panel B, arrow). Quantification of the images confirmed that 3D gels made from young collagen have thicker fibrils (75 vs 34 nm, respectively, panel C) at a higher density (8% vs 3.5% area, respectively, panel D) than corresponding gels made from aged collagen. In A and B, bars = 500 nm. In C and D, data are shown as mean ± standard deviation; *p < .02. consequence of such impairment to cell-mediated remodeling was examined with a 3D collagen gel contraction assay (28) . Whether cells were placed in gels composed of equivalent amounts of total protein or total collagen, both young and aged (82-year-old male donor, AG04152, data not shown) human fibroblasts contracted 3D gels made from aged collagen to a significantly greater extent than corresponding gels made from young collagen; after 18 hours in vitro, fibroblasts contracted the aged collagen gels to a surface area that was as much as one fifth that of young collagen gels ( Figure 3B ).
Differential expression of Genes by Fibroblasts Placed in young and aged 3D collagen Gels
It is generally accepted that gene expression in cells can be significantly influenced by the composition of the eCM with which they associate (33, 34) . In the context of the significant age-related changes in eCM noted previously, the subsequent influence of young and aged collagen on relevant gene expression in fibroblasts from the young donor was evaluated. Fibroblasts were placed overnight in 3D gels made from young and aged collagen, and transcripts were measured using pathway rT-PCr arrays for 84 genes corresponding to relevant eCM and adhesion molecules (Figure 4) . Genes that were upregulated or downregulated by more than 40% in fibroblasts cultured in aged relative to young collagen in two separate experiments were considered significant-a threshold selected based on prior data that aging confers biologically significant changes at that level (35, 36) . As expected, fibroblasts expressed many molecules (MMP-1 and MMP-2) to a similar extent in both young and aged collagen gels. however, relative to young collagen gels, integrin subunits alpha-3 and alpha-4 were upregulated in aged collagen gels, whereas integrin subunits alpha-2, alpha-6, alpha-7, alpha-8, beta-2, and beta-5 were downregulated in aged collagen gels. When cultured in aged collagen gels relative to young collagen gels, fibroblasts expressed increased levels of mrNA for SPArC, a secreted nonstructural (matricellular) eCM component highly expressed in inflammation and repair of aged tissues (37) , and TGF-beta 1 (38), a multifunctional growth factor associated with eCM turnover and remodeling. relative to fibroblasts cultured in young collagen gels, fibroblasts cultured in aged collagen gels upregulated mrNA for MMP-3 (a broad-spectrum MMP) but downregulated mrNAs for MMP-10, MMP-11, MMP-12, MMP-13, and a disintegrin and metalloproteinase with thrombospondin type I motif-13 (ADAMTS-13).
RT-PcR confirmation by Western Blotting and Zymography
A subset of the eCM components, MMPs, and integrins assayed by the PCr arrays were validated by Western blot and zymography ( Figure 5 ). The subset was selected based on relevance to collagen I and aging (3, 16, 22, 39) . In correspondence with the array data, Western blots of cell lysates and conditioned media demonstrated a decrease in levels of integrin alpha-2 ( Figure 5A ), an increase in SPArC ( Figure 5B) , and unaltered MMP-1 expression ( Figure 5C ) in fibroblasts cultured in aged versus young collagen gels. Zymography confirmed that fibroblasts expressed both pro-and active MMP-2 at similar levels ( Figure 5D ) and no detectable MMP-9 activity after culture in both young and aged collagen gels.
Discussion
There is increasing appreciation of the time and cost efficiencies provided by initial use of 3D models to simulate the eCM environment present in native tissues in vivo. Although subsequent validation in vivo is critical (28, 32, 40, 41) , these systems have been used to effectively study cell attachment, spreading, and migration as well as more complex morphogenetic behaviors elicited from isolated cell populations and tissue explants (42) . Despite the limitations of 3D models, it Figure 3 . Malleability and gel contraction of three-dimensional gels made from young and aged collagen. Fully polymerized 0.6 mg/mL collagen gels were compressed by centrifugation for 10 minutes at 375g. Under elevated gravity, collagen from aged mice is more compressible than that from young mice (19% vs 5% compression, respectively). Data are shown as mean ± standard deviation; *p < .02 (panel A). Collagen gels (0.6 mg/mL) from young and aged mice were then populated with human dermal fibroblasts and cultured for 18 hours (panel B). The cells contracted the aged collagen significantly more than the young collagen (15.5% vs 73% area, respectively). Bar graph data are shown as mean ± standard deviation; *p < .01. Insets show young and aged collagen gels (arrows), respectively, after the contraction period (bars = 3 mm).
is generally accepted that they are particularly useful in studies of aging due to the numerous constraints (availability, cost, and variability) in the use of aged hosts (43) . We and others have shown that there are significant age-associated differences in the behavior of cells and tissue explants in 3D collagen gels, which include diminished capacities for migration, collagen contraction, expression of MMPs, and morphogenesis by aged cells and tissues relative to their young counterparts, in a manner and quantity similar to complementary in vivo studies (17) (18) (19) 29) .
In order to better understand age effects on 3D collagen itself, we examined collagen from young and aged mice and its subsequent effects on function and gene/protein expression in resident cells. We observed that collagen extracted from aged mice had similar appearance to that of young mice with respect to expression of collagens I and III. Moreover, associated matrix proteins, for example, fibronectin and laminin, were not detectable by traditional immunostaining methods. We then shifted analyses to features that would directly affect cellular functions, such as polymerization and malleability. Collagen from aged mice formed fibrils less effectively than collagen extracts from young mice (as indicated in vitro by a longer time to initiate fibril formation, a slower rate of polymerization, and a lower OD after fibril formation). Such deficiencies corresponded to the formation of aged 3D collagen gels composed of a looser network of thinner collagen fibrils (as revealed by TeM) than was found in young gels formed under similar conditions. The appearance of the aged collagen gels by electron microscopy correlates with analyses of middle-aged tissues and organs in vivo (20, 21) that have shown decreased fibril size and density with aging.
Collagen fibril diameter has been shown to correlate directly with tensile strength of collagen polymerized in vitro (40) . As expected, the aged collagen gels, with their thinner fibrils (and less dense network), were more malleable than the young gels, exhibiting increased compressibility under elevated gravity. In keeping with these data, aged gels were significantly more contractible by resident fibroblasts than the young gels. Collagen gel contraction assays measure the ability of cells to adhere to and pull against surrounding collagen fibrils (44) . In such assays, gels composed of relatively loose collagen networks are typically contracted by cells to a greater extent than denser gels (45) .
The polymerization, fibril organization, and malleability characteristics of the aged collagen extracts in vitro are in accordance with long-standing observations that collagen in aged tissues and organs is less dense and more disorganized (7, 8) . It is also thought that the reduced strength of crosslinked collagen from aged tissues, relative to young tissues, reflects both decreased fibril diameter and density. These changes with age contribute to age-associated changes in the mechanical properties of skin and deficiencies in wound repair (11, 12, 15) .
It is hoped that 3D models can elucidate mechanisms that are relevant in vivo (45) . Accordingly, the underlying reasons that aged collagen forms fibrils less effectively than corresponding extracts from young tissue is the subject of ongoing analyses in our laboratory. Collagen polymerization is inhibited by denaturation or proteolysis of the native collagen molecule. Therefore, deficits in aged collagen in vitro may point to the accumulation of structural defects at the level of individual collagen molecules in vivo. Such defects could be caused by aberrant synthesis or assembly of the collagen heterotrimer by aging fibroblasts and/or by damage to intact collagen molecules by proteolytic enzymes. The latter accumulate as collagen fibrils age within tissues, but their activity is not readily detectable in subsequent extracts. examination by Western blotting did not demonstrate significant differences in collagens I or III or detectable levels of other common eCM molecules. however, other minor components of the eCM, as well as posttranslational modifications of the collagen chains, are still under evaluation.
Diminished collagen content and density in most aged tissues (the cardiovascular system is a notable exception) (13, 47) have significant clinical implications beyond tissue repair. Indeed, even during wound healing, it is notable that the decrease in collagen synthesis that contributes to delays in healing also results in less scarring and fibrosis (10) . Decreased or disordered collagen may influence tumor growth in aged tissues; however, the effects of such alterations are largely a matter of conjecture and may depend on the tumor cell type. For example, we found robust tumor angiogenesis and growth of prostate tumors that had a highly collagenous matrix in aged mice (23) . One could surmise that a looser collagen network in the vicinity of tumors would offer decreased support for cell migration and subsequent tumor progression (47) . Conversely, a looser eCM might facilitate tumor growth and angiogenesis (24) .
Certain genes and their protein products are known to be upregulated by cells cultured in contact with polymerized collagen gels (33, (48) (49) (50) (51) relative to rigid (eg, plastic) substrata. In the present study, we show that age-associated differences in collagen itself can influence gene expression; fibroblasts cultured in aged versus young collagen gels exhibited key differences in the expression of many genes representing eCM components, MMPs, and integrin subunits. As an example, the expression of genes for TGF-beta 1 and SPArC was significantly increased by fibroblasts cultured in aged collagen gels relative to young collagen gels. TGFbeta 1 modulates integrin (52) and MMP activity, thereby acting as a profibrotic growth factor (53) . Moreover, TGFbeta 1 stimulates collagen synthesis, as well as gel contraction by aged fibroblasts in vitro, and enhances wound repair in aged rats (35, 54) . SPArC is highly expressed by aged and activated tissues and is associated with increased production and maturation of collagen during tissue repair (40, 55, 56) . In contrast, the expression of most integrin subunits was increased in young collagen relative to aged collagen. The positive feedback interactions among the expression of integrins, MMPs, and collagen are well described (57) . It is probable that the increase in alpha-2 integrin in cells placed in young collagen reflects increased eCM engagement when cells are exposed to the denser eCM provided by young collagen gels.
Collectively, our array and protein data indicate that the unique 3D microenvironment provided by young relative to aged collagen in vitro influences the synthesis of some (but not all) molecules that regulate cell/eCM attachment (eg, integrins) and eCM repair and turnover (eg, SPArC) in a manner similar to that expected from studies in vivo (11, 12, 14, 15, 29) . Of note, young cells were in contact with the young and aged collagen for only a brief period of time (~18 hours). Accordingly, the effect of prolonged exposure to aged collagen on the phenotype of the young fibroblasts (and, conversely, the influence of young collagen on aged fibroblasts) was not examined. This type of investigation is an area of high gerontological relevance (58, 59) and is presently being examined in our laboratory.
In summary, collagen extracted from aged mice differs markedly from that of young mice with respect to polymerization, structural and physical properties, and influence on gene and protein expression by resident fibroblasts. eCM components extracted from young and aged mice, used in combination with 3D gel models in vitro, may prove to be an effective means to examine the influence of aging (as well as the influence of experimentally induced genetic modifications) on functional properties of eCM that are relevant in vivo.
Funding
The study was funded by National Institutes of health grants r01AG015837 (M.J.r.), r21AG024458 (M.J.r.), and U54CA126540 (P.S.N.).
